More than 20 diseases are caused by mutations that expand regions of repetitive DNA.[@i1552-5783-60-12-3980-b01] Although these diseases have similar degenerative cellular phenotypes, they affect different cell types, are characterized by the expansion of different repeats, and can code for different RNA species. For example, Huntington\'s disease is caused by a CAG expansion within the coding region of the huntingtin gene. By contrast, a major cause of familial amyotrophic lateral sclerosis (ALS) is a hexanucleotide CCGGGG expansion within an intron on C9orf72 mRNA.

Explanations for how these expanded repeats trigger disease also vary. In cases where expression of the parent gene is affected, a deficiency of protein or an excess of a mutant protein might cause disease. Mutant RNAs can be translated into peptides by repeat-associated non-AUG (RAN) translation,[@i1552-5783-60-12-3980-b02] and these peptides may contribute to disease phenotypes. It is also possible that the mutant RNA molecules themselves may form associations that disrupt normal cellular processes.[@i1552-5783-60-12-3980-b03] A better understanding of the molecular causes of trinucleotide repeat disease and their similarities and differences will improve opportunities for diagnosis and treatment.

Fuchs\' endothelial corneal dystrophy (FECD) is the most common trinucleotide repeat expansion disorder. FECD affects 4% of the population in the United States over the age of 40.[@i1552-5783-60-12-3980-b04] FECD is an age-related degenerative disease of the postmitotic corneal endothelium. Patients are often diagnosed between 50 and 60 years of age, and initial blurred vision and glare can progress to profound loss of vision.

Currently, the only effective therapy for FECD is corneal transplantation. Although surgical outcomes have improved markedly over the last decade, current endothelial keratoplasty techniques have complications including graft detachment and primary graft failure in the immediate postoperative period, as well as increased risk for glaucoma and graft rejection or decompensation years after the initial successful surgery.[@i1552-5783-60-12-3980-b05],[@i1552-5783-60-12-3980-b06] To benefit from surgery, patients need to have access to advanced surgical centers and eye banks that can supply donor corneas and be willing to accept the risks and discomforts of the surgery.

Furthermore, before surgery, patients may endure many years of declining quality of vision before surgery becomes an acceptable option. There is a significant unmet need for less invasive treatment strategies that can benefit patients at an earlier age before significant vision is lost and that will be accessible to a wider population who may not now have access to advanced treatment centers. A detailed understanding of molecular mechanism will facilitate discovery of new treatments.

A CTG trinucleotide repeat expansion within intron 2 of the *TCF4* gene (CTG18.1 triplet repeat polymorphism) accounts for up to 70% of FECD cases.[@i1552-5783-60-12-3980-b07][@i1552-5783-60-12-3980-b08][@i1552-5783-60-12-3980-b09]--[@i1552-5783-60-12-3980-b10] Mutant CUG repeat transcripts accumulate as nuclear foci in corneal endothelial tissue of affected subjects[@i1552-5783-60-12-3980-b11],[@i1552-5783-60-12-3980-b12] without reducing mRNA levels expressed by the parent *TCF4* gene.[@i1552-5783-60-12-3980-b11],[@i1552-5783-60-12-3980-b13] These data implicate mutant noncoding regions of RNA as the cause of FECD.

The *TCF4* gene encodes the E2-2 protein, a ubiquitously expressed class 1 basic-helix-loop-helix transcription factor.[@i1552-5783-60-12-3980-b14] Unlike other trinucleotide repeat diseases, mutant *TCF4* does not cause apparent neurodegenerative disease. However, neurons and corneal endothelial cells share important similarities that impact our understanding of disease pathology and treatment.[@i1552-5783-60-12-3980-b15] During embryonic development, corneal endothelial cells are derived from neural crest cells, and adult corneal cells retain peripheral neuronal markers.[@i1552-5783-60-12-3980-b16] Like neurons, corneal endothelial cells are postmitotic and terminally differentiated. Both neurons and corneal endothelial cells are not replaced, and degeneration slowly degrades function over a patient\'s lifetime. There is currently no explanation for the restriction of disease phenotype to corneal tissue in FECD.

Myotonic dystrophy type 1 (DM1) is a multisystem disorder caused by a CUG repeat expansion within the 3′ UTR of *DMPK* mRNA.[@i1552-5783-60-12-3980-b17],[@i1552-5783-60-12-3980-b18] Importantly, this mutation has also been associated with FECD.[@i1552-5783-60-12-3980-b19],[@i1552-5783-60-12-3980-b20] This remarkable finding that FECD can be caused by the same expanded repeat within noncoding regions of RNAs associated with two different genes reinforces the conclusion that the mutant expanded CUG repeat RNA is the cause of FECD. A key issue for therapeutic intervention is understanding how mutant RNA molecules can cause a severe degenerative disease.

The molecular mechanisms for DM1 have been extensively studied and may offer lessons for understanding FECD. In DM1 cells derived from affected tissues, expanded *DMPK* transcripts accumulate as nuclear foci,[@i1552-5783-60-12-3980-b21] and the expanded CUG repeat region is thought to sequester muscleblind-like (MBNL) proteins.[@i1552-5783-60-12-3980-b22][@i1552-5783-60-12-3980-b23]--[@i1552-5783-60-12-3980-b24] MBNL normally acts to regulate splicing, and perturbing the concentration of available MBNL may account for the widespread splicing changes observed in DM1 cells and tissue.[@i1552-5783-60-12-3980-b25][@i1552-5783-60-12-3980-b26]--[@i1552-5783-60-12-3980-b27]

MBNL1 proteins colocalize with the expanded CUG repeat RNA in FECD patient-derived corneal endothelial cells with either *TCF4* or *DMPK* expansions.[@i1552-5783-60-12-3980-b12],[@i1552-5783-60-12-3980-b20] Additionally, MBNL2 has been shown to colocalize in cultured endothelial cells of FECD subjects with the *TCF4* expansion.[@i1552-5783-60-12-3980-b28] In parallel with the suggested mechanism explaining altered splicing in DM1, one hypothesis to explain how RNA might cause FECD suggests that the expanded repeat within the *TCF4* gene binds MBNL proteins and reduces the pool of free cellular MBNL proteins, thereby inducing global splicing changes that ultimately lead to cellular malfunction and degeneration. This hypothesis has been supported by observations that FECD cells or tissue with *TCF4* expansions exhibit changes in the alternative splicing of critical MBNL-sensitive genes relative to normal cells.[@i1552-5783-60-12-3980-b12],[@i1552-5783-60-12-3980-b29]

Complicating this hypothesis, we previously observed that, in cultured corneal endothelial cells or in tissue, each cell has only a limited number of foci and each focus is a single RNA molecule.[@i1552-5783-60-12-3980-b30] This observation raised a critical question underlying the mechanism of disease action: how can a small number of mutant RNA molecules affect splicing to cause a late-onset disease?

In this report, we characterize MBNL1/2 expression and examine the association of MBNL proteins with mutant RNA in both patient-derived corneal endothelial cell lines and human corneal endothelial tissue. We found that both MBNL1/2 colocalize with the nuclear foci in FECD endothelial tissue. Depletion of MBNL1 or MBNL2 individually did not impact the number of foci in cultured cells. Knockdown of both MBNL proteins resulted in a reduction of foci suggesting that they play a redundant role in stabilizing the mutant RNA. We found that MBNL1/2 is less expressed in corneal endothelial tissue from human donors than in cultured corneal endothelial cells. In addition, only a small minority of the cellular MBNL1/2 is present in the nuclei of cells in donor tissue. Taken together, these observations make it more plausible that sequestration of MBNL1/2 by expanded CUG repeat may contribute to the observed abnormal splicing that is a hallmark of advanced FECD.

Materials and Methods {#s2}
=====================

Corneal Tissue Samples {#s2a}
----------------------

The study was approved by the institutional review board at the University of Texas Southwestern Medical Center and conducted in adherence with the tenets of the Declaration of Helsinki. Written informed consent was obtained from subjects prior to inclusion in study.

Surgically explanted endothelium--Descemet\'s membrane monolayers were immediately freeze-snapped in liquid nitrogen or alternatively fixed in a 4% phosphate-buffered formaldehyde, equilibrated in a 30% sucrose solution for cytoprotection, and frozen in Tissue-Tek Optimal Cutting Tissue compound (Sakura, Torrance, CA, USA). Genomic DNA from subjects\' peripheral blood leukocytes was extracted using Autogen Flexigene (Qiagen, Germantown, MD, USA).

Corneal endothelial samples from donors preserved in Optisol GS corneal storage media (Bausch & Lomb, Rochester, NY, USA) were obtained from the eye bank of Transplant Services at UT Southwestern. Endothelium----Descemet\'s membrane monolayers from donor corneas were dissected and stored as previously described.[@i1552-5783-60-12-3980-b11] DNA from the remaining corneal tissue was extracted with TRIzol reagent (Thermo Scientific, Waltham, MA, USA).

Genomic DNA from subjects\' peripheral leukocytes or corneal tissue was used for genotyping the CTG18.1 and DMPK trinucleotide repeat polymorphism using a combination of short tandem repeat, triplet repeat primed PCR, and Southern blot assays as we have previously described ([Supplementary Table S1](#iovs-60-10-36_s01){ref-type="supplementary-material"}).[@i1552-5783-60-12-3980-b10]

Cell Culture and siRNA Transfection {#s2b}
-----------------------------------

F35T corneal endothelial cell line (a generous gift of Dr. Albert Jun, Johns Hopkins, Baltimore, MD, USA), F45SV corneal endothelial cell line (SV 40-mediated immortalization by ALSTEM, Richmond, CA, USA), and a control corneal endothelial cell line HCN19 (W4056-16-000418 primary culture) were cultured as described.[@i1552-5783-60-12-3980-b30] siRNAs were transfected into cells with Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA) per the manufacturer\'s protocols. After 4 days of transfection, cells were collected and used for further analysis. siRNAs were obtained from Integrated DNA Technologies (IDT, Coralville, IA, USA), and the siRNA sequences were described previously.[@i1552-5783-60-12-3980-b31][@i1552-5783-60-12-3980-b32]--[@i1552-5783-60-12-3980-b33]

Antibodies and Immunoblotting {#s2c}
-----------------------------

The commercial antibodies used for protein detection were: MBNL1 (Santa Cruz sc-47740 or EMD Millipore ABE241), MBNL2 (Santa Cruz sc-136167), CUGBP1 (Abcam ab9549), TCF4 (Abnova H00006925-M03), tubulin (Cell Signaling 3873P), GAPDH (G9545 Sigma), and Histone H3 (Cell Signaling 2650S). Cells were lysed with the lysis buffer containing 25 mM Tris-HCl at pH 7.5, 100 mM NaCl, 5 mM MgCl~2~, 5 mM NaF, 0.1% TritonX-100, 10 mM β-glycerophosphate, 1 mM dithiothreitol and 1X protease inhibitor cocktail (Promega). After incubation on ice and sonication, SDS sample buffer was added. Lysates were boiled for 5 min, separated by SDS-PAGE, and blotted with the appropriate antibodies.

Fluorescence In Situ Hybridization and Colocalization With MBNL Proteins {#s2d}
------------------------------------------------------------------------

Fluorescence in situ hybridization (FISH) of cultured cells and tissue monolayers was performed as previously described.[@i1552-5783-60-12-3980-b20] Briefly, cells were fixed and immersed in 70% ethanol at 4°C overnight. After treatment with wash buffer and prehybridization buffer, slides were incubated with (CAG)~6~CA-5′ Texas red-labeled 2-*O*-methyl RNA 20-mers probe (IDT). The next day, slides were washed twice and then stained with mounting media with DAPI (H-1500; Vector Labs, Burlingame, CA, USA). For detection of MBNL protein, prior to ethanol treatment, permeabilization with 0.2% Triton 100 in 2× SCC was performed. After probe incubation, cells were incubated with anti-MBNL1 or anti-MBNL2 antibody.

The slides were sealed and imaged at 60× magnification using a Widefield Deltavision microscope. Images were processed by deconvolution with AutoQuant X3 (Media Cybernetics, Rockville, MD, USA) software. Visualization of RNA foci and co-localization of MBNLs proteins were made using ImageJ (National Institutes of Health, Bethesda, MD, USA). For quantification, data were analyzed from at least 10 pictures containing greater than 50 cells each. For cells, data were analyzed from two batches of F35T cells. For tissues, data were analyzed from five FECD tissues.

Real-Time Quantitative PCR Analysis of *TCF4* Transcripts {#s2e}
---------------------------------------------------------

Quantitative PCR (qPCR) was performed to analyze *TCF4* transcripts level with iTaq SYBR Green Supermix. Sequences of primers were described previously.[@i1552-5783-60-12-3980-b30] Cells were harvested using Trizol agent (Sigma, St. Louis, MO, USA), and the *TCF4* mRNA levels were analyzed by qPCR.

Transcript Copy Number Measured by qPCR {#s2f}
---------------------------------------

Transcript copy number measurement was performed as previously described.[@i1552-5783-60-12-3980-b30] Primers and probes used in this experiment are shown in [Supplementary Table S2](#iovs-60-10-36_s01){ref-type="supplementary-material"}. RNA standards of MBNL1 and MBNL2 were synthesized by in vitro transcription and purity, or RNAs were measured with Bioanalyzer (Agilent, Santa Clara, CA, USA). A serial dilution of purified standard RNA, ranging from 10 to 10^5^ copies, was used to construct standard curve for qPCR efficiency by qPCR following reverse transcription. For each transcript, a serial dilution of cDNA was used. C~t~ values in each dilution were measured in triplicate. Copy number per cell was calculated according to the standard curve for qPCR efficiency of each transcript. For cells, data were analyzed from two batches of F35T cells. For tissues, data were analyzed from three control tissues and three FECD tissues. The number of F35T cells and endothelial cells from collected tissues were calculated based on central endothelial cell density measurements as previously reported.[@i1552-5783-60-12-3980-b30] Results are showed as the mean ± SD.

Estimation of Protein Copy Number by Immunoblotting {#s2g}
---------------------------------------------------

Recombinant human MBNL1 (ab114825; Abcam, Cambridge, MA, USA) and MBNL2 (ab160843; Abcam) proteins were used to make standard curves of protein copy number. To determine the protein copy number in F35T cells and control endothelial tissue, two different amounts of cell lysate were loaded, and a serial dilution of each recombinant protein was used to construct standard curve. BSA (50 ng/μL) was also added in the standard recombinant proteins to avoid adherence of proteins to the wall of tube. The intensity of the band was determined and analyzed by ImageJ. The number of F35T cells and endothelial cells from collected tissues were calculated as described above. Data were analyzed from two batches of F35T cells and three different control tissues. Results are showed as the mean ± SD.

Nuclear and Cytoplasmic Extraction {#s2h}
----------------------------------

Briefly, a cell pellet was lysed in hypotonic lysis buffer (10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl~2~, 10% glycerol, 0.3% NP-40) with 1 mM dithiothreitol and 1× protease inhibitor cocktail (Promega, Madison, WI, USA). After centrifugation, supernatant was kept as cytoplasmic extract after addition of NaCl to 0.15 M. Pelleted nuclei were washed three times with hypotonic lysis buffer. To make nuclear extract, nuclei were resuspended in nuclear lysis buffer (same as hypotonic lysis buffer but containing 0.15 M NaCl) with 1 mM dithiothreitol and 1× protease inhibitor cocktail (Promega). After sonication, the supernatant was kept as nuclear extract.

Results {#s3}
=======

Association of MBNL1/2 With Expanded CUG RNA in FECD Cultured Cells and Patient Tissue {#s3a}
--------------------------------------------------------------------------------------

Previous reports have shown that MBNL1 and MBNL2 proteins associate with mutant *TCF4* intronic RNA at foci within FECD patient-derived cells in tissue and cell culture, respectively.[@i1552-5783-60-12-3980-b12],[@i1552-5783-60-12-3980-b28] To confirm this observation and extend it to patient tissue, we used both the patient-derived immortalized F35T corneal endothelial cell line and corneal endothelial tissue from FECD patients that was obtained after removal of the tissue during transplant surgery.

It is important to emphasize that patient endothelial tissue removed at surgery or the analogous control tissue dissected from donor cornea from the eye bank is a homogeneous single-cell monolayer composed of ∼25,000 to 100,000 individual endothelial cells, respectively. These disease-relevant samples, not the entire cornea, were used for all experiments with human tissue.

RNA foci were visualized with anti-CUG RNA probe by FISH assay. Binding of MBNL1 or MBNL2 was detected using anti-MBNL1 or MBNL2 antibodies followed by immunofluorescence staining ([Figs. 1](#i1552-5783-60-12-3980-f01){ref-type="fig"}A, [1](#i1552-5783-60-12-3980-f01){ref-type="fig"}B). We analyzed at least 50 cells per sample for colocalization of foci and MBNL.

![Colocalization of MBNL proteins with CUG repeat RNA foci in FECD corneal endothelial cells detected by RNA FISH and immunofluorescence staining. MBNL1 and MBNL2 colocalize with CUG repeat RNA nuclear foci in (A) F35T patient-derived corneal endothelial cell line (22/1500 CTG18.1 alleles) and (B) corneal endothelial tissue from an FECD patient with the TCF4 expansion (27/51 CTG18.1 alleles). Percentage of RNA foci that colocalize with MBNL proteins is analyzed in (C) F35T patient-derived corneal endothelial cells (n = 2 independent experiments) and (D) endothelial tissues from FECD patients with TCF4 expansion (n = 5 FECD tissues). Results are shown as the mean ± SD. At least 50 cells were analyzed for each sample. Scale bars: 10 μm.](i1552-5783-60-12-3980-f01){#i1552-5783-60-12-3980-f01}

Microscopy revealed that many CUG repeat foci associated with MBNL1 or MBNL2 ([Figs. 1](#i1552-5783-60-12-3980-f01){ref-type="fig"}A, [1](#i1552-5783-60-12-3980-f01){ref-type="fig"}B). We found that in the F35T cell line, 82% of the foci colocalized with MBNL1 and 39% of the foci colocalized with MBNL2 ([Fig. 1](#i1552-5783-60-12-3980-f01){ref-type="fig"}C). Examination of five corneal endothelial tissue samples from FECD patients revealed that approximately 30% and 46% of the foci colocalized with MBNL1 and MBNL2, respectively ([Fig. 1](#i1552-5783-60-12-3980-f01){ref-type="fig"}D). Failure to observe colocalization of all foci with MBNL may reflect inefficient FISH analysis of MBNL binding or may suggest that MBNL does not associate with all RNA foci.

Of note, a majority of the MBNL1 and MBNL2 proteins detected in the nuclei of FECD patient tissues showed localization of MBNL proteins to the foci ([Fig. 1](#i1552-5783-60-12-3980-f01){ref-type="fig"}B). We also detected these MBNL proteins in the cytoplasm of patient endothelial tissues in a diffuse pattern.

Effect of MBNL Proteins on *TCF4* Foci {#s3b}
--------------------------------------

We hypothesized that binding of MBNL protein might affect the persistence of CUG RNA foci. To test this hypothesis, we used MBNL siRNAs to examine the effect of reducing the amount of MBNL1 and/or MBNL2 protein on CUG RNA foci in two FECD cell lines ([Fig. 2](#i1552-5783-60-12-3980-f02){ref-type="fig"}A and [Supplementary Figs. S1](#iovs-60-10-36_s01){ref-type="supplementary-material"}, [S2](#iovs-60-10-36_s01){ref-type="supplementary-material"}). We analyzed at least 100 cells per sample to quantify foci reduction after knockdown of MBNL proteins.

![Depletion of both MBNL1 and MBNL2 reduces RNA foci in F35T patient-derived corneal endothelial cells. (A) FISH images of CUG repeat RNA foci in F35T patient-derived corneal endothelial cells transfected with the indicated siRNA oligonucleotides. (B) Immunoblotting images of lysates from F35T cells showing the efficiency of siRNA-mediated depletion of MBNL1 or MNBL2 protein by siRNAs complementary to MNBL1 or MBNL2 mRNA. GAPDH was used as a loading control (C). Percentage of cells containing foci and number of foci per 100 cells are shown. Results are shown as the mean ± SD, n = 2 independent experiments. P-value was obtained by t-tests analysis of CM compared with siMBNL1+ siMBNL2. At least 100 cells were analyzed for each sample. CM, scrambled control siRNA; MBNL1mm and MBNL2mm, mismatched control siRNAs based on the sequence of the active siRNAs. Scale bars: 10 μm.](i1552-5783-60-12-3980-f02){#i1552-5783-60-12-3980-f02}

Silencing MBNL1 or MBNL2 individually had no effect on the percentage of cells containing foci or on the number of foci per cell ([Figs. 2](#i1552-5783-60-12-3980-f02){ref-type="fig"}B, [2](#i1552-5783-60-12-3980-f02){ref-type="fig"}C). Minor levels of MBNL1 proteins remaining despite siRNA knockdown may contribute to incomplete disappearance of RNA foci. When both MBNL1 and MBNL2 were silenced, the percentage of cells containing foci and number of foci per cell were significantly decreased in F35T corneal endothelial cells ([Fig. 2](#i1552-5783-60-12-3980-f02){ref-type="fig"}C). We observed a ∼38% reduction in the percentage of cells with foci and a ∼54 % reduction in the number of foci per 100 cells. Reduction of foci was also observed in the patient-derived F45SV corneal endothelial cell line ([Supplementary Fig. S2](#iovs-60-10-36_s01){ref-type="supplementary-material"}). We observed no change in foci number when cells were treated with mismatched or scrambled control siRNAs. These data are consistent with the conclusion that MBNL1 and MBNL2 have redundant roles in foci stabilization.

Effect of MBNL Expression on *TCF4* RNA {#s3c}
---------------------------------------

After observing a potential linkage between MNBL levels and CUG RNA foci, we used qPCR to analyze the impact of MBNL levels on the expression of *TCF4* mRNA ([Supplementary Fig. S3](#iovs-60-10-36_s01){ref-type="supplementary-material"}A). Duplex RNAs were used to knockdown MBNL1, MBNL2 or *TCF4* mRNA.

Reducing the expression level of MBNL1 or MBNL2 individually or together had no effect on levels of mature *TCF4* mRNA ([Supplementary Fig. S3](#iovs-60-10-36_s01){ref-type="supplementary-material"}A). It suggests that MBNL1 and MBNL2 do not affect mature *TCF4* mRNA expression. We also noted that knockdown of *TCF4* mRNA has no impact on RNA foci number ([Supplementary Figs. S3](#iovs-60-10-36_s01){ref-type="supplementary-material"}B--[S3](#iovs-60-10-36_s01){ref-type="supplementary-material"}D).

Measurement of *MBNL* RNA and Protein Copy Number {#s3d}
-------------------------------------------------

We previously showed that the average copy number of mutant *TCF4* intronic RNA in patient-derived corneal endothelial cells or tissue is one to two copies per cell.[@i1552-5783-60-12-3980-b30] The copy number of mutant RNA is equivalent to the average number of foci, suggesting that each focus is composed of one RNA molecule.

The number of MBNL proteins that might bind to the repeat RNA is limited by the small number of mutant RNA molecules per cell. To determine whether this number might significantly affect the cellular pool of MBNL protein, we measured the approximate number of *MBNL* mRNA and protein molecules per endothelial cell in both FECD endothelial cell line and FECD patient endothelial tissues ([Figs. 3](#i1552-5783-60-12-3980-f03){ref-type="fig"}, [4](#i1552-5783-60-12-3980-f04){ref-type="fig"}).

![Measurement of the copy number of MBNL1 and MBNL2 mRNA. Standard curves for qPCR efficiency of (A) MBNL1 and (B) MBNL2 were constructed with a serial dilution of purified standard RNAs. C~t~ values in each dilution were measured in triplicate. The copy numbers of MBNL1 and MBNL2 transcripts per cell in (C) F35T patient-derived corneal endothelial cells (n = 2 independent experiments), (D) control corneal endothelial tissues (n = 3), and (E) patient-derived expanded TCF4 repeat FECD corneal endothelial tissues (n = 3). Results are shown as the mean ± SD.](i1552-5783-60-12-3980-f03){#i1552-5783-60-12-3980-f03}

![Experimental estimates for the protein copy number per cell for MBNL1 and MBNL2. (A) Representative images for quantification of MBNL1 and MBNL2 proteins in F35T patient-derived corneal endothelial cells. Recombinant tagged MBNL1 (N-terminal GST tag) and MBNL2 (N-terminal proprietary tag) were used for standardization and moved slower in the gel because of the tags. (B) Protein copy number per cell in F35T patient-derived corneal endothelial cells (n = 2 independent experiments). Results are shown as the mean ± SD. (C) Representative images for quantification of MBNL1 and MBNL2 proteins in control corneal endothelial tissue. (D) Protein copy number per cell in control corneal endothelial tissues (n = 3 control tissues). Results are shown as the mean ± SD.](i1552-5783-60-12-3980-f04){#i1552-5783-60-12-3980-f04}

Using qPCR to determine the number of MBNL RNA molecules per cell requires determination of standard curves for qPCR efficiency using purified RNAs ([Figs. 3](#i1552-5783-60-12-3980-f03){ref-type="fig"}A, [3](#i1552-5783-60-12-3980-f03){ref-type="fig"}B; [Supplementary Fig. S4](#iovs-60-10-36_s01){ref-type="supplementary-material"}). Using these standard curves, we estimated the number of *MBNL1* and *MBNL2* transcripts in F35T corneal endothelial cells at 54 and 120 per cell, respectively ([Fig. 3](#i1552-5783-60-12-3980-f03){ref-type="fig"}C).

In human corneal endothelial tissue from eye bank donors ([Fig. 3](#i1552-5783-60-12-3980-f03){ref-type="fig"}D) and mutant endothelial tissue from FECD patients ([Fig. 3](#i1552-5783-60-12-3980-f03){ref-type="fig"}E), however, the number of transcripts per endothelial cell was more than 10-fold lower. We speculate that the lower RNA copy number in human endothelial tissue versus immortalized corneal endothelial cell lines may be due to differences in proliferative capacity because endothelial cells of patient tissue are considered postmitotic.[@i1552-5783-60-12-3980-b34]

The lower levels of MBNL RNA in human tissue suggested that protein levels might also be lower. To test this hypothesis, we established standard curves for protein concentration using known amounts of commercial purified tagged-MBNL1 or MBNL2 ([Supplementary Figs. S5](#iovs-60-10-36_s01){ref-type="supplementary-material"}A, [S5](#iovs-60-10-36_s01){ref-type="supplementary-material"}B; [Fig. 4](#i1552-5783-60-12-3980-f04){ref-type="fig"}A) and used these curves to evaluate protein levels from known numbers of F35T cells. We estimated levels of MBNL1 and MBNL2 in F35T cells at 1,390,000 and 660,000 copies per cell, respectively ([Fig. 4](#i1552-5783-60-12-3980-f04){ref-type="fig"}B).

We then evaluated the amount of MBNL1 or MBNL2 protein in control endothelial tissue samples from eye bank donor corneas ([Supplementary Figs. S5](#iovs-60-10-36_s01){ref-type="supplementary-material"}C, [S5](#iovs-60-10-36_s01){ref-type="supplementary-material"}D; [Fig. 4](#i1552-5783-60-12-3980-f04){ref-type="fig"}C). Quantitation in FECD tissue is severely restricted by the fact that each FECD sample has ∼75% attrition of endothelial cell density compared with control tissue, and the supply of FECD tissue is limited. Therefore, we estimated the protein copy number of MBNL 1 and 2 at ∼30,000 per cell in control endothelial tissue ([Fig. 4](#i1552-5783-60-12-3980-f04){ref-type="fig"}D), which is ∼10- to 30-fold lower than in cultured cells.

Cellular Distribution of MBNL {#s3e}
-----------------------------

The total number of MBNL1 and MBNL2 proteins measured in human tissue likely exceeds the sequestration capacity of the handful of mutant expanded CUG repeat RNA molecules present in diseased tissue. MBNL proteins, however, act both in the cytoplasm and nucleus. It is possible that only nuclear MBNL might be relevant when considering the importance of protein sequestration as a disease mechanism.

To investigate this possibility, we examined the distribution of MBNL1 and MBNL2 between cytoplasm and nuclei of both culture cells and human corneal endothelial tissue. Using Western blot analysis of the cytoplasmic and nuclear fractions, we determined that the majority of MBNL1 and MBNL 2 are found in the cytoplasm in both the FECD endothelial cell line F35T and control endothelial cell line HCN19 ([Fig. 5](#i1552-5783-60-12-3980-f05){ref-type="fig"}A).

![Distribution of MBNL1 and MBNL2 in FECD and control corneal endothelial cells and in corneal tissue. Immunoblotting images of cytoplasmic (C) and nuclear (N) fractions in (A) Lysates from FECD patient-derived corneal endothelial cell line F35T and control donor-derived corneal endothelial cell line HCN19. (B) Lysates from control corneal endothelial tissues. Two independent replicate experiments are shown. Cytoplasmic and nuclear lysates from equal amounts of cells were loaded in each lane for each protein. GAPDH was used as a cytoplasmic marker. Histone was used as a nuclear marker. Estimation by densitometry measurements showed 3% or less MBNLs proteins to be present in nuclei in control endothelial tissues. (C) Immunofluorescence images of MBNL1 and MBNL2 in control corneal endothelial tissue. Nuclear DAPI staining (blue) defines cell nuclei. Scale bars: 10 μm.](i1552-5783-60-12-3980-f05){#i1552-5783-60-12-3980-f05}

We then examined MBNL1 and MBNL2 levels in human control corneal endothelial tissues. Western blot analysis revealed that a substantial majority of MBNL protein resides in the cytoplasm, with 3% MBNL1 protein and no MBNL2 protein detected in cell nuclei ([Fig. 5](#i1552-5783-60-12-3980-f05){ref-type="fig"}B). These data are consistent with the observation by immunofluorescence ([Fig. 5](#i1552-5783-60-12-3980-f05){ref-type="fig"}C). Given the measured value of 65,000 MBNL proteins per cell, we estimate that approximately 1950 MBNL molecules localize to cell nuclei in endothelial tissue.

Estimating the Number of MBNL1 and MBNL2 Proteins Bound to Mutant *TCF4* Foci {#s3f}
-----------------------------------------------------------------------------

The mean repeat CUG repeat length of FECD patients\' peripheral leukocytes is approximately 100, with some individuals harboring over a thousand triplet repeats.[@i1552-5783-60-12-3980-b10] We examined the reported crystal structure of MBNL1 to estimate the capacity of the mutant expanded repeat to bind MBNL protein.

MBNL1 has four conserved ZnF RNA binding domains arranged in tandem pairs (ZnF1/2 and ZnF3/4).[@i1552-5783-60-12-3980-b35] These ZnF tandem domains target two separated GC(U) sites within RNA with an optimal spacer length of 10 to 15 nucleotides. Using single-molecule binding assays to assess the MBNL1--(CUG)~n~ interaction, (CUG)~4~ is the shortest validated repeat model that can be used in analyses.[@i1552-5783-60-12-3980-b36] Therefore, a mutant RNA with 100 CUG repeats can bind approximately 25 MBNL proteins.

We previously showed that each focus detected in human corneal endothelial tissue corresponds to one mutant *TCF4* intronic RNA transcript.[@i1552-5783-60-12-3980-b30] To determine the number of foci/mutant RNA transcripts within a population of cells in FECD corneal endothelial tissue, we used FISH with an anti-CUG repeat probe to visualize the distribution of foci with cells ([Figs. 6](#i1552-5783-60-12-3980-f06){ref-type="fig"}A--[6](#i1552-5783-60-12-3980-f06){ref-type="fig"}D). We observe that most cells have one or two foci. A few cells had as many as 10 foci. This observation, combined with our estimate that each mutant RNA molecule with 100 CUG repeats can bind ∼25 MBNL proteins, suggests a potential to bind from 25 to 250 MBNL proteins within different cells.

![The number of CUG repeat RNA foci varies in FECD corneal endothelial cells in patient tissue detected by RNA FISH. (A) Image of CUG repeat RNA nuclear foci in FECD patient corneal tissue (CA054). Right: enlarged pictures of two cell nuclei with 7 or 10 foci. (B) Analysis of foci distribution in FECD corneal tissue CA054 showing that the number of foci per cell varies greatly among cells. (C) Image of CUG repeat RNA nuclear foci in FECD corneal tissue (CA056). Right: enlarged pictures of two cell nuclei with nine or five foci. (D) Analysis of foci distribution in FECD corneal tissue CA056. Two tissue samples are shown to demonstrate reproducibility. Scale bars: 10 μm.](i1552-5783-60-12-3980-f06){#i1552-5783-60-12-3980-f06}

Discussion {#s4}
==========

FECD is a common age-related degenerative disorder,and improved treatments are necessary to complement existing surgical interventions and help prevent loss of vision. Developing such interventions will be facilitated by insights into the molecular mechanism of disease pathogenesis.

Previous reports on DM1 have hypothesized that the expanded CUG repeats in the 3′ UTR transcript of *DMPK* gene bind MBNL proteins, sequester them from the cellular protein pool, and cause global splicing changes at MBNL-target genes. Similar splicing abnormalities are observed in FECD where the mutant CUG repeat is located in an intron within the *TCF4* gene.[@i1552-5783-60-12-3980-b12],[@i1552-5783-60-12-3980-b29] The central question for understanding the molecular basis for disease causation is how expression of a mutant expanded repeat RNA can lead to global changes in splicing. The goal of this study was to develop a quantitative framework for analyzing the strength of the sequestration hypothesis.

MBNL Protein Interaction With Mutant *TCF4* RNA Foci {#s4a}
----------------------------------------------------

Our results confirm that MBNL1 and MBNL2 associate with expanded CUG foci in patient-derived cell lines and patient tissue ([Fig. 1](#i1552-5783-60-12-3980-f01){ref-type="fig"}). Association of MBNL1 and MBNL2 may stabilize the RNA containing the CUG repeat ([Fig. 2](#i1552-5783-60-12-3980-f02){ref-type="fig"}; [Supplementary Figs. S1](#iovs-60-10-36_s01){ref-type="supplementary-material"}, [S2](#iovs-60-10-36_s01){ref-type="supplementary-material"}).

In a previous report of DM1 cultured myoblasts, siRNA knockdown of MBNL1 resulted in ∼70% of reduction of foci compared with ∼25% reduction with MBNL2 knockdown.[@i1552-5783-60-12-3980-b31] Simultaneous depletion of both MBNLs resulted in only an incremental greater reduction of foci (∼80%), resulting the authors to conclude that MBNL1 is the primary determinant of DM1 foci.

In contrast, our data show that siRNA-mediated knockdown of MBNL1 or MBNL2 individually results in only nominal reduction of expanded CUG foci in FECD. Simultaneous depletion of both MBNL 1 and 2 reduce foci formation in FECD patient-derived cultured cells, suggesting that MBNL1 and MBNL2 play a redundant role in stabilizing mutant *TCF4* RNA in corneal endothelium.

Additionally, we found that knockdown of mature *TCF4* mRNA has no impact on RNA foci number. The splicing of introns occurs with retention of CUG intronic RNA in the nucleus followed by export of the mature mRNA into the cytoplasm. Our results are consistent with the conclusion that siRNA-mediated knockdown of mature *TCF4* mRNA primarily occurs in the cytoplasm. This conclusion is consistent with a thorough study of long noncoding RNAs that reported much higher activity of siRNAs in the cytoplasm relative to the nucleus.[@i1552-5783-60-12-3980-b37]

Quantitative Assessment of Mutant RNA and MBNL Protein {#s4b}
------------------------------------------------------

Alteration of splicing is a hallmark of FECD. The sequestration of MBNL proteins through binding the expanded CUG repeat offers a logical explanation for the observed splicing abnormalities in both DM1 and FECD.

However, in both DM1[@i1552-5783-60-12-3980-b21],[@i1552-5783-60-12-3980-b38],[@i1552-5783-60-12-3980-b39] and FECD,[@i1552-5783-60-12-3980-b30] the number of disease-causing RNA molecules per cell has been measured to be less than five per cell. Similar low numbers of RNA molecules have also been implicated in amyotrophic lateral sclerosis/frontotemporal dementia, another disease associated with an expanded repeat within mutant intronic RNA.[@i1552-5783-60-12-3980-b40]

It is a challenge to understand how a limited number of RNA molecules might bind a sufficient number of MBNL proteins to affect global splicing because a low number of mutant RNA molecules necessarily restricts the capacity to bind MBNL proteins. For example, an average of ∼100 CUG repeats are detected in peripheral leukocytes of FECD subjects,[@i1552-5783-60-12-3980-b10] and we estimate that each mutant RNA has the capacity to directly bind approximately 25 MBNL proteins.

Understanding whether sequestration of MBNL proteins is a viable hypothesis to explain the connection between expanded repeat mutations and altered splicing requires quantitative determination of the expression number of MBNL1 and MBNL2 proteins per cell ([Fig. 7](#i1552-5783-60-12-3980-f07){ref-type="fig"}). Two million MNBL proteins are found in each cultured endothelial cell, but only 65,000 copies were identified per cell in patient tissue. We acknowledge that these estimates of MBNL protein levels per cell are subject to errors in the measurement of standard recombinant protein concentrations and endothelial cell number. We measured MBNL protein number in tissue using triplicated determination and present our results as mean ± SD. Our assessments of both mRNA and protein copy number combine to suggest that the MBNL family of splicing factors are less abundant in postmitotic endothelial tissue compared with cultured human corneal endothelial cells.

![Estimating the quantitative relationship between cellular MBNL protein and the capacity for protein recognition by expanded RNA within intronic TCF4 foci. There are approximately 2 million copies of MBNL1 and MBNL2 proteins in patient-derived cultured endothelial cells but only 65,000 copies per cells in corneal endothelium taken from human donor corneal tissue. In human endothelial tissue, most MNBL1 and MBNL2 protein are in the cytoplasm, with only a fraction (estimated at 1950 copies per cell) remaining in cell nuclei. Depending on the number of repeats and the number of foci per cell, expanded CAG repeat foci have the capacity to bind 25-250 MBNL1 and MBNL2 proteins.](i1552-5783-60-12-3980-f07){#i1552-5783-60-12-3980-f07}

Although the muscleblind-like family of RNA-binding proteins are splicing factors in the nuclear compartment, they also play an important role in mRNA stability and localization in the cytoplasmic pool.[@i1552-5783-60-12-3980-b41] Our data suggest that just 3% of MBNL protein is in the nucleus in human corneal endothelial tissue, leading us to estimate that there are ∼1950 copies of MBNL protein per cell nuclei ([Fig. 7](#i1552-5783-60-12-3980-f07){ref-type="fig"}).

Mutant RNA, MBNL, and Molecular Disease Mechanism {#s4c}
-------------------------------------------------

Not only are MBNL proteins expressed at a relatively low level in corneal tissue, the relatively little MBNL that is present is overwhelmingly localized to the cytoplasm. Cells have between 1 and 10 mutant RNA foci per cell, giving mutant RNA the capacity to bind as many as 250 MBNL proteins ([Fig. 7](#i1552-5783-60-12-3980-f07){ref-type="fig"}). Based on these calculations, mutant RNA may have the ability to bind approximately 10% of nuclear MBNL protein.

Ten percent may seem like a minor fraction of MBNL protein, but FECD is a late-onset disease that requires five to six decades before symptoms begin to manifest themselves. It may not be necessary to dramatically reduce MBNL1/2 protein levels to cause a gradual deterioration of cellular function over time. It is also possible that the disease is triggered in the subset of cells with the highest expression of mutant *TCF4* transcript and the highest capacity to sequester MBNL protein. Additionally, the nucleation of multiple adjacent proteins on the repeat may create the opportunity for deleterious interactions.

Somatic instability of the repeat locus in affected tissues has been well documented in other triplet repeat disorders such as DM1.[@i1552-5783-60-12-3980-b42] Tibialis anterior muscle biopsies of DM1 subjects have shown repeat expansions of approximately 4000 to 6000 compared with several hundred repeats in the peripheral leukocytes of these subjects.[@i1552-5783-60-12-3980-b43] Somatic mutations in corneal endothelial tissue resulting in larger triplet repeat lengths may further enhance the sequestration of MBNLs by a small number of mutant repeat RNA molecules in FECD patient corneal cells.

Conclusions {#s5}
===========

FECD is an age-related degenerative caused by a limited number of mutant RNA molecules per cell. Previous studies have demonstrated that FECD is characterized by global splicing defects. DM1, another disease caused by an expanded CUG repeat, is caused by similar splicing defects, and reduced MBNL1 and MBNL2 function has been implicated as a cause for both diseases. Our data suggest that MBNL1/2 may play redundant roles in stabilizing the mutant *TCF4* RNA.

Any explanation for disease causation must confront the observation that a small number of mutant RNA molecules disrupt normal gene splicing. We find that the numbers of MBNL1 and MBNL2 protein in the nuclei of corneal endothelial tissue are a fraction of the total pool of cellular MBNL1 and MBNL2. It is plausible that, over time, sequestration of MBNL1 and MBNL2 by the mutant repeat RNA could perturb splicing and eventually lead to age-related corneal disease pathology.
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======================
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